INTRODUCTION
A primary goal of periodontal therapy is regeneration of the tissues that have been destroyed by periodontitis. Guided tissue regeneration is a surgical technique that utilizes barrier membranes to exclude undesirable cells, such as epithelial and gingival connective tissue cells, from the periodontal defect, thus allowing for repopulation by cells capable of regenerating the desired structures (i.e., cementum, bone, periodontal ligament). Hlowever, because predictable regeneration is not always achieved by this and other regenerative techniques (Laurell et al., 1998) , the cellular and molecular events occurring during this type of wound healing require ongoing investigations. The heterogenous nature of the fibroblasts that populate the periodontium, together with the complex interactions which occur between hard and soft tissues during periodontal wound healing, is a poorly understood concept which is of paramount importance in periodontal regeneration.
The aims of the present study were to establish and characterize primary fibroblast cultures, and single-cell-derived clones, obtained from the regenerating tissues and to compare them with gingival and periodontal ligament fibroblast cultures obtained from adjacent tissues in the same patient. Since restoration of cementum and bone lost to periodontitis is an essential requirement of periodontal regeneration, we have hypothesized that cells of a regenerating phenotype should express mRNA for proteins associated with hard-tissue formation. Hence, we assessed the expression of mRNA for osteopontin, osteocalcin, bone sialoprotein, alkaline phosphatase, and bone morphogenetic proteins-2 and -4 (BMP-2 and BMP-4), because these proteins have unique distributions within the periodontium, are secreted at different stages of osteogenic cell differentiation, and/or play important roles in cementogenesis and osteogenesis (Bronckers et al., 1994; MacNeil et al., 1995; Boskey, 1996; Thesleff and Nieminen, 1996; Lee, 1997) . The properties exhibited by these proteins make them potentially useful as markers of osteoprogenitor/cementoprogenitor cells residing within the periodontium.
MATERIALS & METHODS Surgical Procedure
Following attainment of institutional ethics approval and informed consent from three subjects, buccal flaps were raised around periodontal defects associated with non-carious teeth destined for extraction in preparation for immediate denture construction. Granulation tissue was removed from the defect, and the tooth surface was thoroughly debrided prior to placement of an expanded polytetrafluoroethylene membrane (W.L. Gore & Associates, Flagstaff, AZ, USA). Following a six-week healing period, the membrane was removed, the regenerated tissue was excised, a biopsy of the buccal gingiva was obtained, and the tooth was extracted.
Cell Isolation and Culture
Peiiodonital libroblasts wci-c isolated and cuiltLi-ed as repolted previotisly (Somerman na / l 1i.,1988 The primary culture data are presented as the mean of the three patients studied, and the range is included to show the level of inter-patient heterogeneity that was encountered. b The data derived from the cloned cultures are presented as the mean and standard deviation (SD) of triplicate samples. three cell populations did not express any significant differences in the BMP-2, BMP-4, and alkaline phosphatase mRNA expression. PDGF and IGF-I did not have a significant effect on the mRNA expression of any of the molecules studied.
There was considerable heterogeneity within each set of three regenerating tissue, periodontal ligament, and gingival fibroblast populations with regard to the mRNA expression of all of the molecules (Table) . For example, only one of the three gingival fibroblast populations expressed osteocalcin mRNA, whereas two periodontal ligament fibroblast populations expressed high levels of alkaline phosphatase mRNA, while the expression level in the remaining population was low.
Clones
Single-cell-derived clones were successfully established from the transfected primary cultures. Initial assessment indicated that the general growth rates and protein synthesis were not different from those of the parent cultures (results not shown). The baseline (0.2% FCS-treated) mineralized tissue marker mRNA expression by the clones, as measured by the RT-PCR product band intensities (relative to 13-2microglobulin), is presented in the Table. The mRNA expression in the 9 clonal populations was consistent with the findings in the primary cell populations. There was considerable heterogeneity with respect to the mRNA expression of the majority of the proteins studied. Generally, there were greater incidence and intensity of bone sialoprotein, osteocalcin, osteopontin, and alkaline phosphatase mRNA expression in the regenerating tissue fibroblasts and periodontal ligament fibroblasts compared with those of the gingival fibroblasts. Of particular interest was the ubiquitous and strong expression of mRNA for all the hard-tissue-associated proteins that was observed in several clones, namely, R3, P2, and P3.
The PDGF and IGF effect on mRNA expression by two representative clones from each cell population is illustrated in Fig. 3 . The PDGF and IGF effect on mineralized tissueassociated genes was more pronounced in certain clonal populations. For example, osteopontin, osteocalcin, alkaline phosphatase, and BMP-2 mRNAs were all up-regulated by PDGF and/or IGF in the RI clones. There was no correlation between mineralized tissue marker expression and cellular proliferation, as measured by a 3H-thymidine incorporation assay, in response to growth factor exposure. Indeed, PDGF and IGF-I had a mitogenic effect on the clonal populations (see Fig. in electronic Appendix), similar to that observed in primary cultures of periodontal cells (Haase et al., 1998) .
DISCUSSION
This study has attempted to characterize cells isolated from regenerating periodontal defects. The findings, which show that regenerating tissue fibroblasts and periodontal ligament fibroblasts express higher levels of mRNA for mineralizedtissue-associated proteins compared with gingival fibroblasts, complement earlier immunohistochemical studies showing that these proteins accumulate in regenerating periodontal defects (Amar et al., 1997; Ivanovski et al., 2000) . do not signiticantly alter the mRNA expression of the mineralized tissue prc hlic inicreased osteoponitiii, osteocalciii, and bone sialoprotein mRNA expressioni by the regeneratinig tissue fibroblasts and periodontal ligamenit libr-oblasts is significant, bccausc these proteins arc secreted at dillerciit stages durilig osteogeniic cell difi''crenitiationi ( Boskey, 1996) and hiave Linique distributiolIs Withill the pe-iodonltiulIl (Bronckers et Figure 3 . Agarose gel showing mRNA expression of mineralized tissue proteins in clonal populations an responsiveness to growth factors PDGF and IGF-1. The clones appear to be more responsive to the factors than the primary cultures. Abbreviations as in Fig. 1 , plus G = gingival fibroblast clone regenerating tissue fibroblast clones, and P = periodontal ligament fibroblast clones.
BMP-2 and BMP-4 play importanit roles in tooth norpliogeinesis (TTheslet't' and Niemniienr. 1996) . DuLilng developmentt the translationi of these proteins is higlily reguLlated in both a spatial and tempor-al senise (Lee et a/., 1997) . Hence. althoucLh ther-e were no dit'creinces in mRNA expression fto BMP-2 and BMP-4 amolig the regenerating tissue, periodonltal ligamenit, and gingival fibroblasts, this may not correlate witih the proteini expressioni by these cells.
The extensive heterogenecous expressioni of mineralized tissue protein mRNA by the thl-ee cell poptilationis is not surprising, since the cells inilabitinig the periodolntiulil are noted for their considerable heterogenieity (Hassell and Stanek, 1983; Giannopoulou and Ciamasoni, 1996; Kurti eta!., 1998) . Osteoblast precursors and matLire osteoblasts are also considerably heterogeneotis in terimis of' mRNA expression for alkaline phosphatase, osteocalcin, osteopontin, and bone sialoprotein (Liu et al., 1997) .
The limitations of quantifiable data obtained by the use of the highly sensitive RT-PCR methiod mtist be noted. Indeed, Northier-ni blotting xwould have provided more directly qianitiliable results. Hoxwevex , as has been the case in prevxious studies (Nohutcti el al., 1997; Parkar ci al.. 1999) . we were uliable to tise Norther-ni blotting successfiLlly to detect osteoblast-associated genes in htlilman periodonital cells. Although this limits the quanititative conclusionis drawii nfiom OUi restIlts, the scarcity of OPN OCN molecules in a xariety of in vitro models (Tanaka and Liang, 1995;  Langdahl cil a! 1998: , 1999) . Hence, it appears that the eflects of PDGF and IGF-I on osteoblast-associated genes are depeindenit on a variety of' f'actors, includinig growthi fIactoi conceintiationls and durationi of' application, soul-ce and pheniotype ol' the cells ulider imvestigationi, as well as the stage ot'cell dil'fereintiation.
The successftul transtfectioni and sLibscquelt clonilng of' humlian periodontal celIs are of' particularinteiest, as is the apparent ability of the clones to retain the character-istics of the parent cultuies. The establishmilenit of cloned humian cells from regeneratinig periodonital tissues now prox ides us with a stable in vitro system for the study ol' xarious phenotypes (e.g., fibroblast, cementoblast, and osteoblast precursors) involved in regeneration. The stuidy ot' clonal populations may be used to overcomie the diff'iculties associated withi the extensive heterogenieity ot pri-iiary cultures of periodontal cells. Indeed, the intiuelnce of PDGF and IGF-I on osteoblast-associated gene expressionxwas more proniouniced in certain clones compared with the primary cultuires, and this finding can be attributed to the use of' isolated phcniotypes.
In conclusioll, this study has show n that hunlia regenerating tisstIe ibroblasts haxve pheniotylies consisteint with an ability to prodtIce minier-alized tissties. The incieased level of minieralized tisstie mRNA in periodonital ligameint BSP 1 669 J Dent Res 80 (7) (7) 2001 fibroblasts and regenerating tissue fibroblasts compared with gingival fibroblasts supports the concept that cells originating from within the periodontal ligament (including those from cementum and bone) have the ability to regenerate lost periodontal attachment. Furthermore, these findings reinforce the necessity for investigating means to facilitate periodontal regeneration through the promotion of selective repopulation of the defect by cells with a regenerative phenotype.
